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Abstract: In this study, we assess the potential of ants as bioindicators of riparian ecological health
in two river types (upland and lowland type) located in the Catalonian region. We proposed to
understand to what extent do metrics based on ant responses provide useful information that cannot
be presented by traditional biophysical assessments while attempting an approach to creating an
ant-based multimetric index (ant-based MMI) of the riparian ecological health. A total of 22 ant
species were identified, and 42 metrics related to ant foraging activity, species richness, and functional
traits were evaluated as potential core metrics of the index. Riparian features and proximal land
use land cover (LULC) were used to distinguish disturbed from less disturbed sites. We found that
ant communities strongly responded to human disturbance. When compared with an exclusively
physical-based index for the assessment of the riparian health, the ant-based MMI was more sensitive
to human disturbance, by also reacting to the effects of the surrounding LULC pressure. This study
provides a preliminary approach for an ant-based assessment tool to evaluate the health of riparian
corridors although additional research is required to include other river types and a wider stressor
gradient before a wider application.
Keywords: ant metrics; biodiversity; Formicidae; functional index; Iberian Peninsula; integrity;
riverscapes
1. Introduction
Riparian zones are complex multidimensional systems, responsible for many ecolog-
ical functions considered crucial to the preservation of river well-being [1,2]. Different
ecosystem services are also provided by riparian systems, at different spatial scales [3].
These highly dynamic ecosystems are driven by environmental factors and human dis-
turbance that shape their structural and compositional attributes [4,5]. In particular, land
use land cover (LULC) pressure, such as urban and agricultural intensification within
the vicinity, has been pointed out as the main cause of riparian ecological degradation in
the Mediterranean region [6–9]. Therefore, the monitoring and management of riparian
areas are increasingly important [3]. A key component of any riparian monitoring and
management program, whether for habitat preservation or restoration, is the assessment of
their ecological health and/or integrity. Ecological integrity implies the capacity to support
and maintain a balanced, integrated and adaptive biological system whereas ecological
health also includes the notion of what society values in the ecosystem [10–12].
There is an urgent need to develop methodologies for evaluating riparian ecological
health from a multiple and integrated perspective. Most of the methods are based on phys-
ical aspects (e.g., channel and riverbank alterations), vegetation composition (e.g., exotic vs.
native species) or structural indicators (e.g., vegetation cover, width, connectivity) [13–16],
lacking a biological-based assessment [17].
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Ants meet all the requirements for a good bioindicator [18–20]. They are ubiquitous
and highly diverse insects, dominating in numbers and biomass many ecosystems, in-
cluding riparian habitats [18,19,21,22], and relatively easy to collect and to identify [19].
With colonial and stationary nesting habitats, ants can be resampled over time, without
destroying their colonies [19]. They are active most of the year, with less seasonal oc-
currence than other insects [23]. Ants are sensitive to environmental alterations (e.g., in
face of disturbance, they might reflect diversity loss, shifts in species composition and
changes in interspecific and intraspecific interactions) [19,24–26], and contribute to ecosys-
tem functioning, by being involved in many services, such as soil decomposition, nutrient
cycling, seed dispersal, and establishing multitrophic interactions [27–29]. In addition, the
diversity of ants is correlated with the diversity of other organisms (e.g., butterflies, beetles),
making them potentially useful as biodiversity surrogates [30–32]. In this regard, ants
have a long history of environmental monitoring [33]. They have been extensively used in
terrestrial ecosystems as indicators of ecological change in land-use management [33,34],
soil function [35], soil quality [36], ecosystem processes [37], agroecosystem conditions [38],
restoration success [33,39,40] and habitat disturbance [41]. Furthermore, ants were re-
cently pointed out as a good indicator of the conservation status of riparian forests of
the Guadalquivir river, Spain [26]. They are influenced by a more complex suite of envi-
ronmental variables, for instance than plants, and for a highly dynamic and vulnerable
ecosystem, as the riparian corridors, ant metrics may be favorably sensitive to acute impacts
of short-term events [12,42].
Multimetric indices (MMIs) have become a common tool for assessing ecosystem
health worldwide [43–45]. They were developed for interpreting biological data and pro-
viding integrative assessments of biological assemblages [46]. For aquatic environments,
the first MMI, called the Index of Biological Integrity, was developed in the United States
using fish communities [47]. It uses biological metrics, such as the number of sensitive
taxa present or relative proportion of functional groups, to formulate an overall score for
a site, concerning reference conditions [12]. Developing an effective biological indicator
for evaluating the impacts of human activities on riparian corridors has been the focus
of scientists and managers. Fish and macroinvertebrates are most commonly used for
freshwater ecosystems, while plants and birds are usually used for wetland and riparian
bioassessments [46,48]. However, birds are seasonal in their occurrence, creating spatial
and temporal variability; and riparian vegetation is stationary, demanding long recovery
times for some species, following disturbance [46]. There have been some efforts to use
arthropods as bioindicators of the riparian condition, including dragonflies [49], butter-
flies [50], hoverflies [51] and dung beetles [52]. In general, arthropods are highly specialized
and therefore sensitive, have short generation times, rapid responses to disturbance and
their ecology is usually well understood [46]. Nevertheless, the mentioned insect groups
lack important traits that are found in ants.
As far as we know, no ant index has been developed to assess the ecological health of
riparian corridors. Here we suggest the use of an ant-based MMI with that purpose. The
presence of vulnerable species, with low population density and specific habitat require-
ments, are usually bioindicators of low disturbance. On the other hand, opportunist species
typically respond positively to disturbance [53]. Ant species are often classified into func-
tional groups (FG), transcending taxonomic boundaries, therefore reducing the apparent
complexity of ecological systems and allowing comparisons between communities [54,55].
Despite their global-scale responses to environmental stress and disturbance, classifications
should be established for specific regions, and caution must be taken in extrapolating the
results to a global scale [54,56]. Behavioral (e.g., generalists, opportunists, specialist preda-
tors) and ecological criteria (e.g., cold-climate specialists, hot-climate specialists, cryptic
and invasive species) were proposed by Roig and Espadaler [55] to define ant’s FG for
the Iberian Peninsula. cryptic species and specialist predators have highly specialized
requirements that make them especially sensitive to disturbance, while opportunists and
generalists are broadly adapted species with wide habitat tolerances [57].
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In the present study, carried out in Catalonian riparian corridors, we aimed at assess-
ing the use of ants as a MMI in riparian systems. The objective is to provide a biological
assessment using an ant-based MMI sensitive to anthropogenic disturbances in riparian
systems, for monitoring, conservation and restoration purposes. At the same time, clari-
fying the extent to which metrics based on ant responses provide useful information that
cannot be provided by traditional physical and structural indicators.
2. Materials and Methods
The methodological approach consisted of four steps. First, we identified the river
typology of the sampling sites. Second, we assessed the pressure gradient for each river
type. Third, we developed the ant-based MMI. Finally, we compared the results obtained
by the new ant-based index with those of a traditional physical and structural index.
2.1. Study Area and Sampling Design
The study was carried out in three riparian corridors (Segre, Ter and Congost) located
in Catalonia (NE Iberian Peninsula) (Figure 1). Segre, within the Ebre basin, is a Pyrenean
river with a very extensive alluvial plain surrounded by pastures and forests. Segre was
sampled on the Cerdanya region, in Prullans municipality, characterized by an Eastern
Pyrenean Mediterranean climate [58]. The mean annual rainfall ranges between 600 mm
and 1200 mm, while the mean annual temperature varies between 6 ◦C and 20 ◦C. The
altitude ranges from 500 to 3000 m a.s.l. Mediterranean and Submediterranean vegetation
is found along the Segre river and the slopes until 1600 m, with different oak (Quercus ilex L.,
Q. faginea Lam., Q. pubescens Willd.) and pine (Pinus sylvestris L.) forests. Above 1600 m,
Subalpine vegetation occurs, mainly Abies alba Mill. and P. uncinata (Raymond ex A.DC.)
forests. Finally, above 2300 m, only Alpine vegetation is found, treeless and mainly
composed of boreal-like meadows [59]. About a third of the area, predominantly located in
the mountains, is protected by the Natura 2000 network, with only small patches and river
stretches protected on the plain. The forested habitats are vast and largely unfragmented,
while most of the population and infrastructures are concentrated on the plain [60]. It is a
very important representation of a typical Pyrenean alder forest with Circaea lutetiana (L.)
Georgi in an excellent state of conservation. Despite some level of fragmentation, it still,
maintain spatial continuity [59]. Ter is a Pyrenean river, strongly hydrologically regulated,
surrounded by crop fields with intensive livestock farms, forests, urban areas and some
industries. Ter was sampled in the Osona region, in Torelló and les Masies de Voltregà
municipalities, characterized by a humid continental Mediterranean climate [58]. The
mean annual precipitation range between 700 and 800 mm. The mean annual temperature
varies between 4 ◦C and 21 ◦C. The altitude ranges from 500 m to 1246 m a.s.l. in Osona
region and up to 2910 m in Ripollès region. Submediterranean vegetation is found along
the Ter river and the slopes until 1600 m, with different oak (Q. ilex, Q. pubescens) and pine
(P. sylvestris) forests [59]. The forested habitats are largely unfragmented and specially
located on the slopes, while the population and infrastructures are concentrated on the
plain. Riparian forests include alder woodlands in regression, with a predominance of
willow trees (Salix alba L.). Congost, within the Besòs basin, is a Mediterranean river,
surrounded by fields, forests, urban areas and industries. Congost was sampled on the
Vallès Oriental region, in La Garriga municipality, characterized by a Central Pre-coastal
Mediterranean climate [58]. The mean annual precipitation is 600 mm while the mean
annual temperature varies between 3 ◦C and 20 ◦C. The altitude ranges from 250 m to
1712 m a.s.l.. Mediterranean vegetation is found along the Congost river, with different
oak (Q. ilex, Q. pubescens) and pine (P. halepensis Mill.) forests. The riparian vegetation is
dominated by common reed (Phragmites australis (Cav.) Trin. ex Steud.) mixed with more
degraded areas based on nitrophilous and exotic species, either of giant reed (Arundo donax
L.), either from urban plantations (plane trees, poplars or garden conifers) [59].
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Figure 1. Geographical location and aerial photo of the nine sampling sites at the Catalonian river corridors. Red and green
points indicate disturbed and less disturbed sites, respectively.
Nine sampling sites were selected to capture a gradient of riparian quality in each of
the three riparian corridors, according to previous studies conducted in the region (Life
Alnus project (LIFE16 NAT/ES/000768), available at: htt s://lifealnus.eu/en/(accessed
on 27 April 2021)) (Figure 1).
2.2. Ant Sampling
Ants were surveyed, using pitfall traps. This sampling method has been used in
m ny studies of ant communitie worldwide (e.g., [61–63]). It is a simple, cost-eff ctive
met od for collecting epig ic ants, providing good resul s in assessing foraging activity,
species richness and composition atterns, and allowin for continuous da and night
s mpling [20,64–66]. The sampling design consisted of 81 pitfalls traps, i.e., nine pitfall
traps in each of the nine riparian sites, distributed equally in hree transects of 30 m
length e ch, located parallel to e riv r, 15 m apart from each other (Figure 2). Pitfall
traps co sisted of 100 mL plastic containers placed fl h with the ground, and partially
filled with a solution of 30% propylene glycol and a few drops of detergent, to retain and
preserve the intercepted ants. Traps were left in the field for approximately 48 h. The
sampling period lasted from 17th until 28th of September 2018. The collected specimens
were preserved in 96% ethanol, and identified to species level, using regional taxonomic
keys [67–69]. Specimens of Myrmica spp. and Temnothorax spp. were kindly identified by
Xavier Espadaler.
2.3. Identification of River Typology
To analyze the distinctiveness of the rivers we performed K-means clustering in
SPSS, using a set of six environmental variables considered relevant to characterize the
main environmental background and the position on the river system (Table 1). The K-
means cluster is a method commonly used for automatically partitioning data sets into
k groups [70]. We selected the F value (like in the analysis of variance) to maximize the
significance of differences between the groups [70]. Strahler number and upstream drainage
basin were calculated using the Catchment Characterization Model (CCM2) database
layer [71]. The Strahler number refers to the stream order of the river networks, i.e., the
stream size based on a hierarchy of tributaries [72,73]. Altitude, average annual temperature
and rainfall (from the years 2007–2016) were obtained from the Meteorological Service of
Catalonia [58]. Valley confinement can be broadly classified as confined or unconfined
and describes the degree to which bounding topographic features limit the lateral extent
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of the valley floor along a river [74]. This variable was derived in ArcGIS version 10.7.1,
raster toolbox, by computing the difference between the elevation layer [Digital elevation
models (DEM) with 25 m resolution; available at: http://land.copernicus.eu (accessed on
19 December 2019) and a low pass filter applied on the DEM, around the grid cell using a
moving window of 7 × 7. The average of the difference was computed for each site, using
the pixels included in a 200 m buffer area. The more negative the values, the greater the
level of confinement.




Figure 2. Aerial photo of a sampling site, showing details of the pitfall traps arrangement, riparian 
vegetation cover delimitation and the riverbank line that worked as a support to create the 200 m 
half-size buffer radius used to calculate relative measurements of LULC anthropogenic pressures. 
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Table 1. Average and standard deviation (SD) for environmental variables of the two river types






Average ± SD Average ± SD
Strahler number 5 4
Altitude (m) 733 ± 284.10 206 ± 1.73
Average annual air temperature (◦C) 10.35 ± 1.92 14.90
Average annual rainfall (mm) 579 ± 92.02 607
Upstream drainage basin (km2) 931.33 ± 142.62 166
Valley confinement (mean 7 × 7) −805.81 ± 313.46 −727.12 ± 124.20
Two river types were identified: (1) the upland, comprising mountainous river
stretches characterized by higher altitude and larger upstream drainage area; and (2)
the lowland, including river segments located in open-floodplain valleys characterized by
higher mean annual air temperature (Table 1, Table S1).
2.4. Assessment of the Pressure Gradient in Each River Type
Two sets of variables (riparian and proximal LULC) were selected to describe the
pressure gradient and to identify the less disturbed sites for each river type (Figure 3,
Table S2). Riparian and proximal land use are recognized as relevant drivers of local
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ecological quality changes [45]. Riparian and proximal LULC data, termed hereafter
as stressor variables, were assessed using an image-based approach, supported by a
Geographic Information System (GIS). The stressor variables were analyzed on the same
riverbank where the ant sampling was carried out, as the variables measured are intended
to characterize the local degree of disturbance [8,9]. As such, a 200 m half-size buffer
was delimited according to Figure 2, and the stressor variables were extracted inside the
buffer. All the variables were computed as relative measures (percentages) to allow the
comparison of the pressure level among sites. The riparian variables (riparian vegetation
cover and average width of riparian cover) were obtained by first manually delimiting
the riparian zone in each site, using the high spatial resolution layer from Google Earth
imagery. We considered the riparian zone as the area from the edge of the riverbank to the
externally visible line of the canopy where an abrupt change in vegetation height, type
and abundance occurs [8,75] or whenever these changes were less visible to the adjoining
human land use [42]. The riparian zone was digitalized on the bank where the ants were
sampled, along a 200 m long river section, using the geographic coordinates of ant surveys
as central points (Figure 2). For each site, polygons of homogenous riparian woody patches,
including trees and tall shrubs, were manually delineated. Riparian vegetation cover was
assessed in the percentage of area occupied in each site, concerning the half-size buffer
area. As for the average width of the riparian cover, we measured the lateral width of
the riparian woody patches in three-line perpendicular measures, along with the whole
riparian vegetation cover extension. The proximal LULC data were obtained also by
image classification of the high spatial resolution layer from Google Earth imagery, in
the floodplain area surrounding each site, by adopting the Copernicus Potential Riparian
Zone (PRZ) layer from the European Copernicus Land Monitoring Service (available
at https://land.copernicus.eu/local/riparian-zones (accessed on 26 November 2019)).
This layer represents the water-influenced area in a river floodplain system [76]. LULC
patches were mapped and classified into three classes: Urban (impervious areas); Cropland
and intensive grassland (intensive pastures, heterogeneous agricultural areas, irrigated
crops); and Shrublands and natural woodlands (sparsely vegetated areas, sclerophyllous
vegetation, natural or semi-natural transition woodlands-scrublands or planted woodlands
non-managed, mixed forests with deciduous oaks). Proximal LULC data were evaluated
in the percentage of area occupied, by each land-use class, in each site, concerning the
half-size buffer area (Figure 2). A K-means clustering analysis [70] was then performed
using the five stressors (Figure 3, Tables S3 and S4), allowing the identification of disturbed
and less disturbed sites, and the determination of the main stressors for each river type.
Two disturbance groups were separated in each river type, based on the stressor
variables: (1) Disturbed; and (2) Less disturbed, the latter characterized by higher riparian
vegetation cover and larger width of riparian cover (Figure 3, Tables S3 and S4). Both
disturbed sites, in the upland and lowland river types, exhibited a higher proportion of
urban areas and intensive croplands and lower areas of natural shrub-woodlands, when
compared with the less disturbed sites (Figure 3).
2.5. Development of the Ant-Based Multimetric Index
For the development of the ant-based MMI, we adapted the ‘Ecological Quality Ratio’
(EQR) proposed in the Water Framework Directive (WFD) [77] and used by Umetsu
et al. [45]. Metrics should represent the composition, structure, and function of a biological
assemblage [43,47]. As such, in the following step, we identified the functional and
compositional metrics derived from ant assemblage. Ant species are described by distinct
life-history traits (e.g., behavioral dominance, main food resources, daily activity rhythm)
and consequently display distinct responses (e.g., abundance, species richness) to natural
and anthropogenic disturbances [78]. Based on the literature [55,69,79–89], we defined
functional traits (Table S5), and calculated the proportion of each functional trait, observed
species richness (number of species per pitfall) and ant foraging activity (number of workers
per pitfall), resulting in 42 potential metrics (Table S6). To avoid redundant metrics, we
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used Pearson’s correlation test among highly correlated metrics (r > 0.80, p < 0.001), and
we kept the one with more uniform frequency distributions [90]. Only those metrics that
best meet the criteria to respond clearly to anthropogenic disturbance were used to build
the ant-based MMI, i.e., metrics were considered core metrics to include the index if both
significant differences between disturbance groups, using Mann–Whitney U Test, were
observed and collinearity issues were solved.
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After this selection, we established the thresholds of ecological quality. We first
transformed the core metrics into sc res as follows: 1 Poor; 3 Fair; and 5 Good quality. The
“good-fair” and “poor-fair” bou aries were defined by the average of less dis urbed and
disturbed core metric values er pitfall, respectively. The nt-based MMI was obtained
from subtracting t e total n mber of core m trics (n) included in the index by the sum of
their scores (si), as seen in (1):
Ant-based MMI = n−Σ si; i = 1, ..., n (1)
Then, we followed th classification approach of the WFD [77] by dividing the gradient
obtained into five clas es and transf rmed the index absolute values in Ecological Quality
Ratios (EQR), as se n in (2):
EQR = [Ant-based MMI * (−1)−n]/md (2)
where n is the number of metri s n md is the median value of the ant-based MMI less
disturb d. The EQR is express d as a numerical value between 0 and 1, corresponding to
poor and good ecological status, respectively. We used five ecological quality classes: 1
Excellent; 2 Good; 3 Moderate; 4 Poor; and 5 Bad. The reference value of the excellent/Good
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boundary was determined as the median value of the EQR less disturbed. The boundary-
value of the remaining classes of ecological quality was obtained by dividing equally the
interval limited by the excellent/Good boundary and the lower extreme of the gradient.
2.6. Comparing the Ant-Based Index with a Traditional Physical and Structural-Based Index
We compared the EQR of the Ant-based MMI with a traditional physical and structural-
based index widely used to assess the riparian forest quality the ‘Qualitat del Bosc de Ribera’
(QBR) index [14,91–94]. The QBR is based on four components of the riparian habitat: total
riparian vegetation cover, cover structure, cover quality and channel alterations. It also
takes into account differences in the geomorphology of the river from its headwaters to
the lower reaches. The index score varies between 0 and 100 points and is composed of
five quality classes. The QBR surveys were conducted in the field for each sampling site
following the protocol of Munné et al. [14], simultaneously with the ant sampling.
3. Results
3.1. Ant Community
In total, 2268 individuals comprising 22 ant species, 13 genera, and four subfamilies
were identified in the study area (Table S7). About one third of the ant species registered
were Formicinae and more than half belong to Myrmicinae. The most frequently recorded
species were Myrmica rubra (L.), Lasius niger (L.) and Aphaenogaster senilis Mayr (Table S7).
All species are native. Twelve species were found in the upland river type, ten in disturbed
sites and four in the less disturbed sites, while 14 species were found in the lowland type,
five in the disturbed sites and 12 in the less disturbed sites (Table S7).
3.2. Functional and Compositional Metrics Response to Disturbance Gradient
From the 42 potential metrics (Table S6), and after collinearity analysis, six metrics
showed significant differences between disturbed and less disturbed in the upland river
type, while three metrics allowed the separation between disturbed and less disturbed in
the lowland river type (Table 2).
Table 2. Statistical comparison of the ant metrics that showed significant differences between
disturbance groups in the upland and lowland river types.
Mann–Whitney U Test
Group
Significance p < 0.05
Mean Rank
Ant Metrics Disturbed Less Disturbed
Upland River Type
Observed species richness 0.028 24.42 33.67
Closed-habitat species <0.001 21.71 39.08
Larger ants 0.033 24.99 32.53
Cryptics 0.001 25.00 32.50
Opportunists 0.032 29.50 23.50
Tetramorium caespitum foraging activity 0.032 29.50 23.50
Lowland River Type
Ant foraging activity 0.011 19.39 11.31
Seed harvesters 0.023 18.89 11.56
Aphaenogaster senilis foraging activity <0.001 22.39 9.81
The upland less disturbed sites had a significantly higher observed species richness
(average number of species per pitfall), closed-habitat species, Larger ants, Cryptics, while
disturbed sites had more opportunist species and higher Tetramorium caespitum (L.) foraging
activity (Table 2). Lowland disturbed sites showed significantly higher ant foraging activity,
seed harvesters and higher A. senilis foraging activity (Table 2).
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3.3. Multimetric Ant Index for the Assessment of Ecological Health of Riparian Systems in the
Upland and Lowland River Types of Catalonia
We derived a scoring system for the ant-based MMI, based on the upland and lowland
river type core metrics and compute the index for the overall dataset. According to
the results obtained, the index showed a good discriminatory efficiency of EQR between
disturbed and less disturbed, for both the upland and lowland river types (Table 3, Figure 4).
For the upland river type, we used five core metrics, namely observed species richness,
closed-habitat species, Larger ants, Cryptics, Opportunists and T. caespitum foraging activity.
For the lowland type, we used ant foraging activity, seed harvesters and A. senilis foraging
activity. We found a strong and significant correlation between the QBR index and the
ant-based MMI (Spearman’s correlation = 0.87, p < 0.01) (Figure 5). Nevertheless, the
ant-based MMI matched the same ecological class of the QBR’s in 33% of the sites. It
showed lower and higher quality classification in 44% and 22% of the sites, respectively
(Table 4).
Table 3. Designation and calculation of the Ant-based MMI, units and scoring criteria used to rescale the metric values.
Ant-based MMI range (minimum and maximum sum of scores) and median of reference (md) sites. Ecological Quality
Class boundaries using Ecological Quality Ratio values (EQR = [Ant-based MMI * (-1)-n]/md).
Ant-Based MMI
[Ant-Based MMI = n-Σ si; I = 1, ..., n] Scores (si)
Core Metrics (n) 1 (Poor) 3 (Fair) 5 (Good)
[Boundaries Based on the
Average of Disturbed and Less Disturbed]
Upland Type
Observed species
richness ≤1.25 1.25–1.67 ≥1.67
Closed-habitat species ≤1.89 1.89–5.56 ≥5.56
Larger ants ≤3.03 3.03–4.29 ≥4.29
Cryptics ≤0 0–1.26 ≥1.26
Opportunists ≥1.14 0–1.14 ≤0
Tetramorium caespitum
foraging activity ≥0.04 0–0.04 ≤0
Lowland Type
Ant foraging activity ≥9.67 6.06–9.67 ≤6.06
Seed harvesters ≥5.56 2.53–5.56 ≤2.53
Aphaenogaster senilis
foraging activity ≥0.37 0.04–0.37 ≤0.04
Upland Type Lowland Type
Ant-Based MMI Range (absolute values) 0–24 0–12
Median of Reference (Less disturbed) Sites (md) 18 12
Thresholds of Ecological Classes (EQR)
Excellent EQR ≥ 0.67 EQR ≥ 0.75
Good 0.48 ≥ EQR < 0.67 0.53 ≥ EQR < 0.75
Moderate 0.29 ≥ EQR < 0.48 0.31 ≥ EQR < 0.53
Poor 0.10 ≥ EQR < 0.29 0.09 ≥ EQR < 0.31
Bad EQR < 0.10 EQR < 0.09
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4. Discussion
Ants are key organisms to be used in monitoring and assessment studies of terrestrial
ecosystems [19,34,95,96]. However, their potential in riparian ecosystems remains largely
unexplored and only one study is known on the Iberian Peninsula [26]. With this work, we
have shown that ants can be equally powerful in floodplain areas and interface ecosystems,
such as the riparian corridors. This corroborates the study conducted in riparian forests of
the Guadalquivir river, Spain [26]. Ant communities responded strongly to human distur-
bance, either individually or in functional traits. More interestingly, our study represents
the first approach to provide an ant-based assessment tool to evaluate and monitor the eco-
logical health of riparian corridors. The creation of a tool based on biological indicators is
of utmost importance as we lack guidelines and legislation on how to monitor and evaluate
these ecosystems. Below, we focused our discussion on the practical application of using
ants for the assessment of riparian corridors, and on the learnings from this preliminary
approach in Catalonia.
4.1. Ant Community, Metrics and Response to Disturbance Gradient
Species composition is a useful indicator of habitat integrity [57,96]. Clear shifts in
species composition usually happen when disturbance-tolerant species replace disturbance-
sensitive species, often with little or no loss of total species richness [25]. In this study, we
assessed not only ant species composition but also functional traits responses to human
disturbance. We showed that several ant metrics can be useful indicators of human
disturbance in the Catalonian riparian corridors, as shown by the significant differences
between disturbance groups.
Our study revealed interesting differences in the metric compositional response to
a disturbance between river types. In particular, we identified two disturbance-tolerant
species, represented by T. caespitum in the upland type, and by A. senilis in the lowland
type. These are species typically found in anthropized environments, open-exposed areas,
meadows and wastelands [69]. Tetramorium caespitum showed a similar trend in a previous
study; however, authors highlighted the generalist nature of this species and minimized
its role as a disturbance indicator [26]. On the other hand, two species revealed to be
sensitive to disturbance, namely M. rubra and Temnothorax nylanderi (Förster). These
are forest-adapted species, usually found in humid-closed environments depending on
specific niches and microhabitats such as cavities in live branches or dead wood for nesting
sites [69]. Other Myrmica and Temnothorax species have been also noticed as indicators of
good integrity [26].
Our results showed an association of disturbed sites with more opportunists and
less cryptic species in the upland type and more seed harvesters in the lowland type. It
seems that habitat openness is a key driver of variation in ant communities [35]; species
that prefer open habitats, such as hot-climate specialists (including seed harvesters) and
Opportunists are often favored by disturbance whereas species usually favored by closed
habitats such as cryptic species, cold-climate specialists and many specialist predators tend
to occur in undisturbed sites. Additionally, arid-adapted species tend to be more resilient
to disturbance in drier areas [25,97]. Seed harvesters usually select unvegetated patches
for their nests [18]. They collect seeds of annual, perennial grasses and herbaceous plants
which typically occur in Mediterranean disturbed areas. Therefore, riparian corridors of
bad/poor conditions with an increased cover of bare soil may offer better resources for
seed harvesters than the ones in good conditions. Messor barbarus (L.), a well-known seed
harvester was negatively associated with tree cover and only found in non-flooding areas
of riparian forests in the Guadalquivir river [21]. On the other hand, riparian corridors
of good/excellent conditions with a vegetated forest and abundance of microhabitats
will favor arboreal, cryptic and closed-habitat species [78]. The presence of the arboreal
Dolichoderus quadripunctatus (L.) in a disturbed site of lowland type in our work is suggestive
of at least a tree-shaded microhabitat in that particular site [98]. Larger ants were found
in a higher proportion in the less disturbed sites of the upland type. There is evidence
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that ant assemblages have larger individuals in cold environments [99] and small-sized
species are mostly associated with dry areas with low tree cover, such as Pheidole pallidula
(Nyl.) [78]. Taxa with contrasting openness preferences often have contrasting geographical
distributions, with closed-habitat specialists restricted to regions of higher rainfall and
Open-habitat specialists extending to more arid regions [25].
High species richness is frequently associated with high ecological quality [100]. This
was true for the upland type. Even though disturbed sites of the upland type presented
more species than less disturbed sites, the observed species richness, i.e., the average
number of species per pitfall, was higher in the less disturbed sites. However, in some
situations, richness may not be a useful indicator of habitat integrity [26,101]. High numbers
of ant species can be observed in anthropic, degraded habitats frequently colonized by
opportunist and exotic species. This fact could probably explain why observed species
richness was not a good metric to use in the index development in the lowland type.
All species in our study were native, even in disturbed areas despite the association
between human disturbance and exotic species [101].
4.2. Ant-Based MMI for Riparian Systems
From the analysis of the core ant metrics, we derived an ant-based MMI for the upland
and lowland river types of Catalonia. Good discriminatory efficiency of EQR between
disturbed and less disturbed sites was achieved for both river types. Overall, according
to ant communities, these results suggest a better condition of the riparian corridors in
the upland type, compared to the lowland type. The differences of LULC in what concern
the urban area surrounding the sampling sites between the two river types may support
these findings since the lowland type has a significantly larger area of urban activities.
The faunistic composition of each area is closely related to human disturbance which in
turn acts indirectly through changes in the structure and complexity of vegetation, food
resources, competitive interactions, the flood regime and habitat openness [21,25,26,102].
Results on the comparison with the QBR field surveys showed a significantly strong
correlation between QBR and the ant-based MMI (ρ = 87; p < 0.01). These indices agreed
on the same ecological class in 33% of the sampling sites. Jiménez-Carmona et al. [26]
also found a significant correlation between the conservation state of riverbank forests,
measured through the QBR index, and ant diversity. Nevertheless, the ant-based MMI
showed a more conservative quality classification in 44% of the sites. According to the QBR
index, a riparian habitat with a score higher than 95% is classified as in natural condition,
regardless of whether it is embedded in an urban, agricultural or forest matrix. It is widely
known the relevance of the surrounding LULC effects in the ecological quality of riparian
areas [8,9]. Ant communities may reflect the surrounding landscape influence and can
give a more functional and reliable assessment approach of the ecological status of the site,
instead of being overestimated by the strictly physical approach. For instance, two less
disturbed sites in the upland (SE3, TE3) and one in the lowland (CO3) were classified in
excellent conditions, based on the QBR index, but regarding the ant communities, only the
one surrounded by a higher canopy cover and with less urban impact (CO3) showed to be
in excellent conditions.
4.3. Drawbacks and Strengths of the Method
Bioindicators have worldwide applicability reliant on the availability and accuracy
of biological data. However, caution must be taken when transposing the results to other
regions. In particular, we highlight the need to establish the referential for ant communities
(e.g., FG) according to different river typologies. In this study, we analyzed two river types
(lowland and upland) in the Catalonia region. The ant-based MMI should be applied in
similar systems since biogeographic and climatic differences are likely to promote distinct
ant species and life traits responses.
Although we found a strong ant communities’ response to human disturbance, more
studies are needed to include a wider human-stressor gradient. In this study, we considered
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proximal land use and riparian structural data (vegetation cover and width) to classify the
level of disturbance of a site. The inclusion of other variables, such as the management
practices in the riparian corridors [26,103], the introduction of invasive species [104],
and the application of agrochemicals in surrounding agricultural areas [38,105,106] will
probably enlarge the gradient of human disturbance and reduce the gap between the
“moderate” and “good/excellent” sites observed in the study.
The riparian structural data used in this study have been proven to be a good proxy
of the human disturbance in riparian ecosystems [8], with the advantage of being easily
evaluated, with high spatial accuracy using simple remote sensing methods. Nevertheless,
aspects related to the floristic composition should also be included to improve the distur-
bance classification accuracy. Ants also appear to respond to floristic aspects, especially
those related to the dominance of exotic plants [107,108].
Another aspect concerns the temporal coverage of the study that addressed one dis-
crete time of the year. A wider temporal and geographic sampling effort are likely to
identify stronger relations between functional and compositional aspects of ant’s communi-
ties and the disturbance level, in each river type. Additionally, comparing species richness
among ecological communities, at different sites, has long been recognized as an important
task, such as sample-based rarefaction curves [109,110]. Nevertheless, it was not our aim
to obtain an exhaustive inventory of the sites, but rather to use a measure of ant diversity
with a set of other measures in developing the multimetric index.
Future work should include small-scale habitat characteristics, such as metrics related
to the configuration and connectivity of the riparian vegetation. There is soundproof that
the riparian shape configuration and the level of fragmentation among riparian patches are
also important predictors of ant species diversity [111] and riverine landscape pattern can
strongly influence ants’ trophic dynamics [112].
The results indicate that human disturbance has led to an increased urban LULC,
reduced vegetation cover and a smaller width of riparian cover in riparian corridors of Cat-
alonia, leading to significant differences in ant species composition. These stressors likely
make disturbance-tolerant species inhabiting disturbed habitats and disturbance-sensitive
species vulnerable to extinction. Thus, in addition to the documented loss of microhabitats
in human-disturbed Mediterranean habitats [113], we demonstrated the direct effect of
the disturbance that may promote vulnerability of local populations. That emphasizes
the importance of riparian corridors protection and provides a further argument for their
comprehensive restoration.
5. Conclusions
The ant-based MMI showed to be more sensitive to human disturbance than traditional
physical and structural-based methods, such as the QBR index. However, we do not
recommend ant metrics to substitute the traditional metrics, as no single indicator can be
expected to measure everything about the ecological health of an area. We believe that an
integrated approach, considering both physical/structural and functional aspects can give
a more reliable and inclusive evaluation of the riparian ecological health.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f12050625/s1, Table S1. Output of K-means clustering analysis of the Upland and Lowland
river types based on the environmental variables performed in SPSS., Table S2. Data on the Stressor
variables for each sampling site surveyed in the study according to different disturbance groups,
rivers and river types., Table S3. Output of K-means clustering analysis of the Disturbed and Less
disturbed sites of Upland type based on the pressure variables (stressors) performed in SPSS., Table S4.
Output of K-means clustering analysis of the Disturbed and Less disturbed sites of Lowland type
based on the pressure variables (stressors) performed in SPSS., Table S5. Functional traits used
in the study., Table S6. Ant potential metrics tested in the present work., Table S7. Ant species
recorded at the Catalonian river basins, with additional information on the overall frequency of
occurrence (percentage of pitfalls at a site where a species was detected). The number of sites
surveyed are shown.
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